Abstract: Electronic waste is one the fastest growing waste streams in the world, and printed circuit boards (PCBs) are the most valuable fraction of this stream due to the presence of gold, silver, copper, and palladium. Printed circuit boards consist of approximately 30% metals and 70% non-metals. The non-metal fraction (NMF) is composed of 60-65% fiberglass and 35-40% organics, in the form of surface-mount plastics and epoxy resins in the printed circuit board laminates. The organics in the NMF provide a potential alternative source of energy, but hazardous flame retardants contained in epoxy resins and the presence of residual metals create challenges for utilizing this material for energy recovery. This research provides an evaluation of the energy content of printed circuit boards. Density-based separation was used to separate various components of the NMF to increase the energy content in specific density fractions while reducing the metal content. The result showed that the energy content before and after the removal of the metallic fraction from PCBs was 9 and 15 GJ/t, respectively. After the density-based separation of the NMF, the energy content in the lightest fraction increased to 21 GJ/t, while reducing the concentration of the hazardous flame retardants. The contents of the hazardous flame retardants and residual metal were analyzed, to evaluate the harmful effect of emissions produced from utilizing the NMF as an alternative feedstock in waste-to-energy applications.
Introduction
Electrical and electronic products have become an integral part of today's lifestyle. With the development of newer and faster technologies, the older products are becoming obsolete at an ever-growing rate. E-waste, the term used for the discarded electrical and electronic products, is one of the fastest growing waste streams in the world, with an approximate growth rate of 3-4% [1] . The total e-waste generated in 2016 was estimated at 45 million tons [1] . The e-waste stream has been researched in detail in the past few decades, due to the presence of valuable metals, which provides an economic incentive for extraction.
The waste printed circuit boards (PCB) represent approximately 40% of the total value of e-waste, and 6% by weight of total volume [2, 3] . The average metal content of e-waste is 30-35%; the rest is the non-metal fraction, which primarily contains different types of reinforcement materials and resins, depending on the type of the boards. Flame retardant (FR) boards, especially FR-2 and FR-4, are the two most common board types used in different types of electronic products such as desktops, laptops, televisions, radios, and printers. The nonmetal fraction (NMF) in a circuit board matrix is approximately 70% by mass, and consists mainly of the fiberglass (65%), resins (32%), and residual metals [4] [5] [6] . It has shown that resin concentration is highest in the coarser fractions, while fiberglass and metal content is higher in the finer size fractions of the NMF [4] .
Using heavy liquids of the specific gravity of 2.89, the metal fraction was separated and the calorific value of the nonmetal fraction was estimated to be 11.63 GJ/t [7] . Researchers have shown the application of gravity separation and flotation to separate metals from nonmetals with high efficiency [5, 8, 9] . However, research on the processing of NMF is limited. According to the United States Environmental Protection Agency (EPA), 94% of the NMF materials are disposed of in landfills [10] . Researchers have proposed the use of NMFs as secondary materials in construction, paints, and adhesives or chemically convert the polymers into chemical feedstocks or fuel [11, 12] . Triboelectric separation was used to separate the inorganic fiberglass from the NMF to improve the product quality, achieving a 43% recovery rate [13] .
This paper considers the separation of various components of the nonmetal fraction (resins, fiberglass, and residual metals) to increase the energy content of the waste PCBs. Heavy liquids of varying densities (1.6, 1.8 and 2.4 g/cm 3 ) were used for this purpose, and the separated components were analyzed for metal content and calorific value. The products were also analyzed for harmful flame retardants that would be released during the energy recovery process.
Materials and Methods

Material
Approximately 25 kg of representative shredded PCB feed and gravity separation tailings (NMF) was sampled from a processing plant located in Richmond, British Columbia, owned by Ronin8 Technologies Limited. The plant processes a mixture of FR-2 and FR-4 PCBs obtained from computers, printers, televisions, servers, cellphones, and other household electronics. The crushed PCBs are processed using gravity separation to separate metals from non-metals. The sample was oven dried at 60 • C for 96 h to remove residual moisture.
Equipment and Test Procedures
Calorific Value Measurement
Approximately 5 grams of subsamples was obtained for the calorific value measurement and was performed using a Parr 6100 Calorimeter and a Parr 4510 nickel alloy wire following American Society for Testing and Materials (ASTM, West Conshohocken, PA, USA) D5965 guidelines.
Float-Sink Test
The float and sink test was carried out to access the feasibility of using dense media as a separation technology to separate various streams of the NMF. Organic liquids of specific gravities (SG) 1.6, 1.8 and 2.4 were prepared by mixing tetra bromoethane (SG 2.95) and kerosene (SG 0.8). The liquids were used to perform the float-sink test on +500 µm and −500 + 75 µm size fraction. The separated components were then used for subsequent analysis.
To perform the float and sink test, the sample was placed in the heavy liquid with the lowest specific gravity, mixed, and allowed to settle. Floating particles were collected with a fine mesh scoop that allowed excess liquid to drain. Each heavy liquid vessel contained an "inner beaker" with a fine mesh bottom for collecting the sinking fraction. After removing all the floating particles, the inner vessel with the sink material was removed and transferred to the next heavy liquid. Any particles floating on this liquid were lighter than the previous liquid, but heavier than the current liquid. All the separated fractions were collected and washed with acetone, filtered, dried, weighed and analyzed. 
Metal Assay
Approximately 20 grams of subsample was split using a riffle splitter, and was sent to an external laboratory for metal assay using standard procedures provided by the Environmental Protection Agency: EPA200.2/6020A for metals and EPA200.2/1631E for mercury. This procedure is designed to determine the total recoverable elements in water and solids, with the exception of silica [14] .
Polybrominated Diphenyl Ether (PBDE) Analysis
PBDE is a set of organic compounds that are commonly added to the electronic castings as flame retardants [15] . There are many congeners for this compound depending on the number of bromine atoms, and their location. Approximately 20 grams of samples were obtained from various density fractions and sent to the external laboratory for PBDE analysis. The extraction was performed using standard procedure EPA 3541, followed by analysis using EPA 8270D.
Results and Discussion
To evaluate the energy content of the waste PCB, the crushed PCB, and the nonmetal fraction samples, as received from the processing plant, were sent to ALS laboratories for calorific value measurement. The metal concentrate samples were not analyzed due to the presence of various metals which could melt and damage the analytical equipment. The results obtained from the test are shown in Table 1 . The results showed that removal of the metals from the crushed PCB increases the energy concentration in the tailings (NMF) by 66%. The total carbon, nitrogen, and hydrogen content also increased during the beneficiation process. To further improve the energy content of NMF, gravity separation was performed. The size ranges for this test were determined based on the particle size distribution of the received sample.
The particle size distribution of the received sample showed that approximately 50% of materials was less than 500 µm. Since almost half of the material was passing through 500 µm, all the tests were performed on +500 µm and −500 + 75 µm. The sample below 75 µm was considered as too small for the float and sink test.
The float and sink tests were carried out at 1.6, 1.8, and 2.4 specific gravities, for +500 µm (coarse) and −500 + 75 µm (fine). The percentage yield for the products obtained from the float-sink test on coarse and fine samples are shown in Figure 1 . The results showed that approximately 60-70% of the materials in the non-metal fractions are in the −1.8 SG, whereas a very small amount of the samples is present in the heaviest fraction (+2.4 SG), which suggests that most of the heavy metals were recovered during the beneficiation stage in the processing plant ('+500' represents material coarser than 500 µm whereas '−75' represents material finer than 75 µm).
The calorific value of each density fraction was determined to estimate the energy value of different products. The results for the calorific values are shown in Figure 2 . The red line represents the calorific value of the NMF as received, whereas the green line represents the calorific value of the shredded waste PCB prior to any separation. The heaviest fraction (+2.4 SG) of +500 µm was not tested, due to the presence of metal strands that could damage the analytical instrument. The results showed that the calorific value in the lower density fractions was increased to 21 GJ/t, compared to 15 GJ/t for the whole nonmetal fraction. This is most likely due to a higher concentration of the epoxy The calorific value of each density fraction was determined to estimate the energy value of different products. The results for the calorific values are shown in Figure 2 . The red line represents the calorific value of the NMF as received, whereas the green line represents the calorific value of the shredded waste PCB prior to any separation. The heaviest fraction (+2.4 SG) of +500 μm was not tested, due to the presence of metal strands that could damage the analytical instrument. The results showed that the calorific value in the lower density fractions was increased to 21 GJ/t, compared to 15 GJ/t for the whole nonmetal fraction. This is most likely due to a higher concentration of the epoxy resins in the low-density fractions. Energy concentration in the higher density fraction decreased to below 10 GJ/t, due to the removal of most of the resin materials. Table 2 shows the change in the calorific value of various density fractions obtained from the float and sink test, compared to the NMF as received. It shows that the energy content in the lighter fraction was increased by approximately 40%, whereas it was decreased by 68% in the heaviest fraction. This suggests that gravity separation can be used for improving the calorific value of the NMF. The calorific value of each density fraction was determined to estimate the energy value of different products. The results for the calorific values are shown in Figure 2 . The red line represents the calorific value of the NMF as received, whereas the green line represents the calorific value of the shredded waste PCB prior to any separation. The heaviest fraction (+2.4 SG) of +500 μm was not tested, due to the presence of metal strands that could damage the analytical instrument. The results showed that the calorific value in the lower density fractions was increased to 21 GJ/t, compared to 15 GJ/t for the whole nonmetal fraction. This is most likely due to a higher concentration of the epoxy resins in the low-density fractions. Energy concentration in the higher density fraction decreased to below 10 GJ/t, due to the removal of most of the resin materials. Table 2 shows the change in the calorific value of various density fractions obtained from the float and sink test, compared to the NMF as received. It shows that the energy content in the lighter fraction was increased by approximately 40%, whereas it was decreased by 68% in the heaviest fraction. This suggests that gravity separation can be used for improving the calorific value of the NMF. Table 2 shows the change in the calorific value of various density fractions obtained from the float and sink test, compared to the NMF as received. It shows that the energy content in the lighter fraction was increased by approximately 40%, whereas it was decreased by 68% in the heaviest fraction. This suggests that gravity separation can be used for improving the calorific value of the NMF.
The metal content analysis of each specific gravity fraction for coarse and fine sizes was performed to determine the concentration of heavy metals in different size fractions. The results of the metal content analysis can be seen in Figure 3 . Only significant metal concentration results (>0.5%) are shown in Figure 3 . The metal content for almost all heavy elements is highest in the heaviest specific gravity fraction (+2.4 SG). It shows that the heavy metals should be removed if the NMF is treated to improve the energy content, as the lightest fraction has the highest energy content and negligible metal content.
It also suggests that the process will be a potential opportunity for removing hazardous heavy metals prior to incineration. Specific Gravity +500 µm −500 + 75 µm <1.6 +41% +39% 1.6-1.8 +7% +21%
The metal content analysis of each specific gravity fraction for coarse and fine sizes was performed to determine the concentration of heavy metals in different size fractions. The results of the metal content analysis can be seen in Figure 3 . Only significant metal concentration results (>0.5%) are shown in Figure 3 . The metal content for almost all heavy elements is highest in the heaviest specific gravity fraction (+2.4 SG). It shows that the heavy metals should be removed if the NMF is treated to improve the energy content, as the lightest fraction has the highest energy content and negligible metal content. It also suggests that the process will be a potential opportunity for removing hazardous heavy metals prior to incineration. Some of the harmful chemicals present in PCBs are the flame retardants which are added to the laminate matrix to suppress the spontaneous ignition of the materials. One of the most common flame retardants is polybrominated diphenyl ether (PBDE), which belongs to a family of different congeners. The nonmetal fraction with high energy content, −1.6 SG fraction and +1.6-1.8 SG fractions, were analyzed for the presence of the PBDEs. The PBDE can be released into the environment through emissions, volatilization, incineration, or thermal decomposition of the PCB waste, and can be exposed to humans through ingestion, inhalation, and dermal contact [15, 16] . The result for the PBDE content for different congeners is shown in Table 3 . Figure 4 shows that the concentration of the total PBDE content in all the low-density product that will most likely be used for energy recovery purposes has decreased, compared to the NMF. The total concentration of the PBDE has been reduced by 20% for −1.6 SG fraction and by 55-65% for +1.6-1.8 SG fraction. Most of the flame retardants might be associated with the fiberglass and metals, and hence are found in the lower density fraction. Some of the harmful chemicals present in PCBs are the flame retardants which are added to the laminate matrix to suppress the spontaneous ignition of the materials. One of the most common flame retardants is polybrominated diphenyl ether (PBDE), which belongs to a family of different congeners. The nonmetal fraction with high energy content, −1.6 SG fraction and +1.6-1.8 SG fractions, were analyzed for the presence of the PBDEs. The PBDE can be released into the environment through emissions, volatilization, incineration, or thermal decomposition of the PCB waste, and can be exposed to humans through ingestion, inhalation, and dermal contact [15, 16] . The result for the PBDE content for different congeners is shown in Table 3 . Figure 4 shows that the concentration of the total PBDE content in all the low-density product that will most likely be used for energy recovery purposes has decreased, compared to the NMF. The total concentration of the PBDE has been reduced by 20% for −1.6 SG fraction and by 55-65% for +1.6-1.8 SG fraction. Most of the flame retardants might be associated with the fiberglass and metals, and hence are found in the lower density fraction.
